Abstract Although heat shock (stress) proteins are typically regarded as being exclusively intracellular molecules, it is now apparent that they can be released from cells in the absence of cellular necrosis. We and others have reported the presence of Hsp60 (HSPD1) and Hsp70 (HSPA1A) in the circulation of normal individuals and our finding that increases in carotid intima-media thicknesses (a measure of atherosclerosis) in subjects with hypertension at a 4-year follow-up are less prevalent in those having high serum Hsp70 (HSPA1A) levels at baseline suggests that circulating Hsp70 (HSPA1A) has atheroprotective effects. Given that circulating Hsp70 (HSPA1A) levels can be in the range which has been shown to elicit a number of biological effects in vitro, and our preliminary findings that Hsp70 (HSPA1A) binds to and is internalised by human endothelial cell populations, we speculate on the mechanisms that might be involved in the apparent atheroprotective properties of this protein.
Introduction
Observations that the majority of myocardial infarctions are caused by atherosclerotic coronary lesions which obstruct less than 50% of the lumen (Falk et al. 1995; Mann and Davies 1996) have prompted a major re-evaluation of the pathogenesis of atherosclerosis and its complications. The biology of the plaque rather than its size is now regarded as being the most important determinant of its vulnerability (Libby 1995) . The stability of the fibrous plaque depends on the balance between collagen synthesis and breakdown, and this balance is maintained by inflammatory signals (Libby 1995) . If a pro-inflammatory state in which interferon gamma halts collagen synthesis by smooth muscle cells and activated macrophages secrete collagendegrading matrix metalloproteinases dominates, then fibrous cap thinning, rupture and an acute ischaemic is likely (Blake and Ridker 2001) .
We have identified a new biomarker for the progression of atherosclerosis, levels of which are, in contrast to the more accepted markers such as high-sensitivity C-reactive protein, inversely related to the progression of atherosclerosis (Pockley et al. 2003) . This finding has potentially important implications for monitoring the susceptibility of individuals to and treating individuals with cardiovascular disease. Our finding that circulating levels of the 70-kDa heat shock (stress) proteins Hsp70 (HSPA1A) in some way influence atherogenesis and the progression to atherosclerosis (Pockley et al. 2003) has prompted us to consider the mechanism(s) via which such effects might be mediated. It is on this aspect of Hsp70 biology that this chapter focuses.
Circulating stress proteins and cardiovascular disease Although for many years the perception has been that stress proteins are intracellular molecules that are only released from non-viable (necrotic) cells, it is now known that these molecules can be released from a variety of viable (nonnecrotic) mammalian cells, including endothelial cells (ECs; Hightower and Guidon 1989; Child et al. 1995; Bassan et al. 1998; Liao et al. 2000) . Furthermore, Hsp60 (HSPD1) and Hsp70 (HSPA1A) have been shown to be present in the peripheral circulation of normal individuals by a number of investigators (Pockley et al. 1998 (Pockley et al. , 1999 (Pockley et al. , 2000 (Pockley et al. , 2002 Xu et al. 2000; Rea et al. 2001; Lewthwaite et al. 2002; Njemini et al. 2003) . The impact that circulating stress proteins have on pathophysiological processes, if any, is currently unclear.
Although circulating Hsp60 (HSPD1) levels are not associated with cardiovascular risk factors such as body mass index, blood pressure and smoking status (Pockley et al. 2000) , levels are elevated in a subpopulation of patients with acute coronary syndromes (Zal et al. 2004) . Levels are also associated with early atherosclerosis (on the basis of carotid intima-media thicknesses; Pockley et al. 2000; Xu et al. 2000) and with serum concentrations of the proinflammatory cytokine tumour necrosis alpha (TNF-α) and other markers of inflammation in overtly healthy individuals (Lewthwaite et al. 2002) . Circulating Hsp60 (HSPD1) is higher in individuals exhibiting an unfavourable lipid profile (low high-density lipoprotein cholesterol and high total/high-density lipoprotein cholesterol ratio; Lewthwaite et al. 2002) and levels are associated with very-low-density lipoprotein and triglyceride concentrations (Pockley et al. 2000) . In contrast, Hsp70 (HSPA1A) levels are not associated with very-low-density lipoprotein and triglyceride concentrations (Pockley et al. 2000) , and there is no relationship between Hsp70 (HSPA1A) levels and intima-media thicknesses in normal subjects, subjects with established hypertension or subjects with borderline hypertension (Pockley et al. 2000 (Pockley et al. , 2002 An interesting and potentially important observation has been made in a study of 218 subjects with established hypertension which has shown that increases in carotid intima-media thicknesses (a measure of atherosclerosis) over a 4-year follow-up period are significantly less prevalent (odds ratio 0.42; p<0.008) in individuals having high serum Hsp70 (HSPA1A) levels (75th percentile, >300 ng/ml) at baseline (Pockley et al. 2003) . The relationship between Hsp70 (HSPA1A) levels and changes in intima-media thickness was independent of age, smoking habits and blood lipids. Another study of 421 individuals evaluated for coronary artery disease has found that serum Hsp70 (HSPA1A) levels were significantly higher in disease-free patients (Zhu et al. 2003) . Furthermore, healthy end arteries secrete more Hsp70 than carotid atherosclerotic plaques, and low plasma levels of Hsp70 (HSPA1A) are found in patients with atherosclerosis (Martin-Ventura et al. 2007 ). The source of circulating Hsp70 (HSPA1A), the mechanism(s) leading to its release and the association between circulating Hsp70 (HSPA1A) and atherosclerosis are unknown. How, then, might extracellular Hsp70 (HSPA1A) influence the development and progression of cardiovascular disease?
Influence of Hsp70 on inflammatory status
Although Hsp70 is typically regarded as being a proinflammatory activator of innate immune cells (Asea et al. 2000 Gastpar et al. 2005) , the induction of T cell reactivity to self-Hsp70 epitopes downregulates inflammatory events in experimental models by a mechanism which involves the generation of immunoregulatory (Th2) cells producing the regulatory cytokine interleukin (IL)-10 ( Kingston et al. 1996; Tanaka et al. 1999; Wendling et al. 2000) . More recently, mycobacterial Hsp70 has been shown to suppress inflammation and tissue damage in proteoglycan-induced arthritis via a mechanism which involves an enhanced regulatory response mediated by antigen-specific IL-10 production (Wieten et al. 2009 ). The bias of immune reactivity towards a Th2 phenotype is relevant, as the promotion of Th2 reactivity reduces atherogenesis in the apoE −/− mice (Laurat et al. 2001) .
Although the precise mechanism underlying the antiinflammatory properties of Hsp70 has yet to be elucidated, it might involve the recruitment/activation of immunoregulatory T cell (T reg ) populations. This is possible given that Hsp70 and another stress protein, Hsp60 (HSPD1), are putative ligands for Toll-like receptors (TLRs; Binder et al. 2004) , that TLRs are expressed on naturally occurring CD4 + CD25 + regulatory T cells (Caramalho et al. 2003) and that the ligation of TLRs on CD4 + CD25 + T cells induces a tenfold increase in their suppressive activity (Caramalho et al. 2003 + T reg cell populations (manuscript in preparation). These studies support our proposition that Hsp70 (HSPA1A) influences the progression of atherosclerosis as such T reg cell populations have been shown to control its development and progression (Mallat et al. 2007) .
Another level at which Hsp70 might influence inflammatory events is at the level of gene transcription for inflammatory cytokines such as IL-6. Hsp70 functions as a wide spectrum negative regulator and restrains a range of processes by inhibiting the activities of protein kinases and transcription factors (Nollen and Morimoto 2002; Pratt and Toft 2003) . Indeed, elevated Hsp70 levels inhibit a plethora of intracellular processes and Hsp70 levels are strictly regulated via negative control of its transcription factor heat shock factor 1 (HSF1) and its destabilisation at the messenger RNA level (Feder et al. 1992; Chu et al. 1996; Zhao et al. 2002; Wang et al. 2003) . HSF1 itself can negatively regulate the promoters of cytokine genes and genes involved in cell proliferation (Xie et al. 2002 (Xie et al. , 2003 . Stress proteins such as Hsp70 have the potential to foster an anti-inflammatory environment which might attenuate atherosclerosis (George et al. 1998; Zhou et al. 2001; Binder et al. 2002; Hansson 2002 ). Hsp70 could also influence atherosclerosis via direct effects on ECs.
Influence of Hsp70 on leucocyte adhesive events
The recruitment and transmigration of inflammatory cells plays a central role in atheroma development and the pathogenesis of atherosclerosis (Price and Loscalzo 1999; Blankenberg et al. 2003; de Boer et al. 2003) . The vascular cell adhesion molecule 1 (VCAM-1) is rapidly expressed in pro-atherosclerotic conditions and plays a critical role in atherosclerosis (O'Brien et al. 1993; Nakai et al. 1995; Nakashima et al. 1998; Cybulsky et al. 2001; Dansky et al. 2001) . A monoclonal antibody against VCAM-1 profoundly reduces neointimal formation after carotid injury in a mouse model (Oguchi et al. 2000) , and, in a primate model, antibody blockade of the ligand for VCAM-1 (α4β1 integrin) reduces intimal hyperplasia in endarterectomised carotid arteries (Lumsden et al. 1997 ). In addition, anti-CD40L treatment of hyperlipidaemic mice reduces atherosclerosis by reducing the expression of VCAM-1 and thereby inhibiting the accumulation of inflammatory cells (Mach et al. 1998b) .
It is known that elevations of intracellular Hsp70 decrease TNF-α-induced intercellular adhesion molecule (ICAM-1) expression (Kohn et al. 2002) and inhibit in vivo leukocyte adhesion to mesenteric endothelium in response to a potent inflammatory stimulus (House et al. 2001) , as well as their secretion of IL-6 (Kim et al. 2005) . The induction of intracellular Hsp70 expression also attenuates TNF-α-mediated induction of adhesion molecule expression on human ECs (Nakabe et al. 2007 ). This antiadhesive effect of exogenous and intracellular Hsp70 might be explained by the observation that the induction of Hsp70 decreases TNF-α-induced ICAM-1 expression via an inhibition of I kappa kinase activity (Kohn et al. 2002) . Hsp70 might therefore maintain/induce an anti-adhesive phenotype in the vascular endothelium and thereby an antiinflammatory/anti-atherogenic state. Hsp70 might also modify non-immunological events via direct interactions with vascular endothelial cells.
Influence of Hsp70 on endothelial necrosis and apoptosis?
Apoptosis of endothelial cells and smooth muscle cells is a consequence of vascular injury and contributes to atherosclerosis and the acute events that trigger myocardial infarction, including plaque rupture (MacLellan and Schneider 1997; Dimmeler et al. 1998; Dimmeler and Zeiher 2000; Stoneman and Bennett 2004; Viles-Gonzales et al. 2004 ). Hsp70 prevents caspase-3 and SAPK/JNK activation in heat-shock-or ceramide-induced apoptosis (Mosser et al. 1997; Ahn et al. 1999) . Although the cytoprotective effects of intracellular Hsp70 are established (Jäättelä et al. 1992; Simon et al. 1995; Samali and Cotter 1996; Lasunskaia et al. 1997; Mosser et al. 1997) , exogenous Hsp70 protects heat-stressed cynomolgus macaque aortic cells (Johnson et al. 1990 ) and serum-deprived rabbit arterial smooth muscle cells (Johnson and Tytell 1993) , the latter by a mechanism which involves cell association but not internalisation. The mechanism by which such protection is afforded is currently unknown, and the cell surface interactions involved have not been identified. Hsp70 might have some impact on atheroma denudation, and atherothrombotic events by preventing endothelial cell death and apoptosis.
Influence of Hsp70 on endothelial function/dysfunction?
The vascular endothelium is an active autocrine and paracrine organ which regulates vascular tone and maintains blood circulation and fluidity. It also regulates platelet activation, thrombosis and inflammatory responses by producing several locally active substances. Key to the maintenance of a normal haemorheological status is the control of vasomotion via the balanced production of potent vasodilators such as nitric oxide (NO) and/or adenosine and vasoconstrictors such as endothelin-1 and angiotensin. Endothelial cells also play an important role in chronic inflammatory disease by co-ordinating the onset, progression, and resolution of inflammation by promoting or attenuating leukocyte extravasation at inflammatory sites (Krieglstein and Granger 2001) and by expressing proinflammatory gene products that further augment the activation of infiltrating leucocytes (Kinlay et al. 2001) . NO mediates many of the functions exerted by the intact endothelium and, in addition to being a potent vasodilator, it inhibits platelet aggregation, vascular smooth muscle cell migration and proliferation, monocyte adhesion and adhesion molecule expression. All of these are key events in the development and progression of atherosclerosis.
Role of the endothelium in atherosclerosis and atherothrombosis A deterioration of endothelial vasodilator function can manifest as a decreased secretion of vasodilatory mediators, an increased production of vasoconstrictors, an increased sensitivity to vasoconstrictors and/or a resistance of vascular smooth muscle to the effects of endothelial vasodilators. The endothelium plays a central role in the development and progression of atherosclerotic lesions, and its dysfunction is one of the earliest disease markers in patients with atherogenic risk factors in the absence of 37°C ). Cells were incubated with 240 μg/ml FITC-conjugated Hsp70 (HSPA1A) or BSA for 1 h at 37°C and the uptake of fluorescently labelled proteins was determined by fluorescence microscopy using Zeiss AxioVision digital image processing software. His-tagged Hsp70 protein was generated using a baculovirus expression system (multimmune GmbH, Munich, Germany) and was labelled with fluorescein isothiocyanate (FITC; F6434, Invitrogen, Eugene, OR, USA), according to the manufacturer's instructions angiographic evidence of disease (Vita et al. 1990; Egashira et al. 1993 ).
In the early stages of the disease, the endothelium appears to be morphologically normal, but functionally impaired, in that there is a decreased bioavailability of NO. In more advanced disease, endothelial cell apoptosis compromises the integrity of the endothelial layer which in turn results in plaque destabilisation, denudation and the development of atherothrombotic events (Valgimigli et al. 2003) . Vascular endothelial cells express or can be induced to express the TNF-α family protein CD40 (Hollenbaugh et al. 1995; Karmann et al. 1995; Yellin et al. 1995; Mach et al. 1998a; Lienenlüke et al. 2000; Ahmed-Choudhury et al. 2003) , oxidised low-density lipoprotein receptor-1 (LOX-1; Sawamura et al. 1997; Li and Mehta 2000; Hu et al. 2003; Li et al. 2003; Masaki 2003) and TLR-2 and -4 (Faure et al. 2000 (Faure et al. , 2001 Bulut et al. 2002; Edfeldt et al. 2002; Hijiya et al. 2002; Zeuke et al. 2002; de Kleijn and Pasterkamp 2003) . Although not typically thought to constitutively express membrane CD14 (Goyert et al. 1986; Haziot et al. 1988; Wright et al. 1990; Kirkland et al. 1993) , one study has reported endothelial cells to express this molecule (Jersmann et al. 2001 ). Hsp70 has been reported to bind to and activate innate immune cells via these receptors (Wang et al. 2001; Asea et al. 2002; Becker et al. 2002; Delneste et al. 2002; Vabulas et al. 2002) , and, importantly, the concentrations of Hsp70 that are required to induce such in vitro responses (0.1-5 μg/ml (Asea et al. 2000 Vabulas et al. 2002) ) are present and in some cases are below those that have been reported to be present in the circulation (Pockley et al. 1998 (Pockley et al. , 2000 (Pockley et al. , 2002 (Pockley et al. , 2003 Rea et al. 2001; Njemini et al. 2003 Njemini et al. , 2004 . Hsp70 might therefore interact with and influence the functional phenotype of endothelial cells in vivo.
The Calderwood laboratory has shown that human Hsp70 binds to human umbilical vein endothelial cells (HUVECs), although the receptors involved and the biological consequences have yet to be determined (Thériault et al. 2005) . Although the Calderwood laboratory could demonstrate significant binding of Hsp70 to the C-type lectin receptor LOX-1, this did not account for the total binding capacity of these cells. Binding of Hsp70 to the "more established" receptors CD91, CD40, CD14, TLR2 or TLR4 could not be demonstrated (Thériault et al. 2005) . It therefore appears that endothelial cells express as yet unidentified receptor(s) for Hsp70 that are distinct to those that have already been identified on antigen-presenting cells such as monocytes/ macrophages and dendritic cells.
We have recently confirmed that recombinant human Hsp70 (HSPA1A) binds to HUVECs, and also shown that it is rapidly internalised and localised to defined intracellular organelles (Fig. 1) . The features of Hsp70 (HSPA1A) internalisation and its intracellular localisation are distinct to those of bovine serum albumin (BSA; Fig. 1 ). Importantly, Hsp70 (HSPA1A) binds more prevalently to primary human dermal microvascular endothelial cells (Fig. 1) , suggesting that the biological and physiological effects of Hsp70 (HSPA1A)-endothelial cell interactions might be vascular compartment dependent.
Conclusion
The observations that high circulating levels of the 70-kDa stress protein Hsp70 (HSPA1A) appear to protect against cardiovascular disease prompt questions into the mechanism(s) that might be involved in the manifestation of such effects. These might include the inherent anti-inflammatory properties of Hsp70 and/or its direct effects on the biology and functional status of endothelial cells. The development of new molecular imaging techniques that are capable of imaging endothelial-expressed proteins such as Hsp60 (HSPD1) in vivo (Wick et al. 2008 ) might also provide new insight into real-time stress protein-endothelial interactions. In summary, studies are now revealing new mechanistic insights into the apparent atheroprotective effects of extracellular Hsp70, and these are likely to result in the development of new approaches for predicting the development and progression of cardiovascular disease and novel therapeutic strategies for its effective management.
